Grxs (glutaredoxins) are small ubiquitous redox enzymes. They are generally involved in the reduction of oxidative modifications using glutathione. Grxs are not only able to reduce protein disulfides and the low-molecular-mass antioxidant dehydroascorbate, but also represent the major enzyme class responsible for deglutathionylation reactions. Functional proteomics, including interaction studies, comparative activity measurements using heterologous proteins and structural analysis are combined to provide important insights into the crucial function of Grxs in cellular redox networks. Summarizing the current understanding of Grxs, with a special focus on organellelocalized members across species, genus and kingdom boundaries (including cyanobacteria, plants, bacteria, yeast and humans) lead to two different classifications, one according to sequence structure that gives insights into the diversification of Grxs, and another according to function within the cell that provides a basis for assessing the different roles of Grxs.
INTRODUCTION
The cellular redox balance is essential for the regulation of protein activity under normal conditions. However, it becomes even more important under stress conditions when cellular reductants are limiting and the rates of oxidative damage are increasing. Redox imbalance results in the formation of ROS (reactive oxygen species) or RNS (reactive nitrogen species) in different compartments of the cell and subsequently a diverse range of protein and lipid modifications. This lowers the ability of enzymes and transporters to operate efficiently and also actively targets proteins for enhanced rates of degradation. Together with the cellular GSH pool, the Grx (glutaredoxin) and Trx (thioredoxin) systems are the two main avenues to maintain the free cysteine residues of intracellular proteins in a reduced state. This is important for the function of the vast majority of intracellular proteins, the exceptions being proteins which rely on transient formation of disulfide bonds during their catalytic cycle, such as Trx and Grx, or as part of their redox-sensing mechanism, such as OxyR and Hsp33 (heat-shock protein of 33 kDa) [1, 2] . Trxs and Grxs are thus heavily involved in the recovery of the cellular proteome during or after the onset of unfavourable conditions.
The thiol group of the amino acid cysteine is a major target of ROS in living cells. The positioning of cysteine residues in protein sequences is one of the most conserved features of many enzyme classes, which reflects this amino acid residue's importance. Many extracellular proteins acquire disulfide bonds during the protein-folding pathway, which provide stability for the protein in its native state. Cysteine residues in intracellular proteins are most often reduced, but their redox state may contribute to regulatory/sensing mechanisms. However, there are, of course, exceptions to this as described above. Any PTM (post-translational modification) of amino acids is likely to change the activity of the protein; moreover, some such modifications are considered to be targeted processes that regulate protein activity. Other PTMs, such as multi-stage oxidation reactions, e.g. the stepwise formation of the cysteine side chain to sulfenic, sulfinic and sulfonic acid, are usually harmful and typically label the protein for degradation. As a result, different mechanisms are in place to protect the thiol side chain of essential cysteine residues from irreversible damage. Some proteins have additional cysteine residues exposed on their surface, which are not important for structure or function, but are accessible for oxidations [3] and act to deplete oxidants at the surface and protect against oxidation of active sites within proteins. In plants, it has been observed that the chloroplast-located isoforms of some enzymes have additional cysteine residues compared with their non-chloroplast isoform counterparts, and these are essential for the light-dependent activation of the enzymes via Trx [4] . Reversible PTMs of cysteine, such as glutathionylation, function in both the regulation of protein activity and in protecting the thiol group during oxidative stress. Glutathionylation, under physiological conditions, regulates the activity of cytoskeletal proteins such as actin, proteolytic enzymes such as HIV protease, and metabolic enzymes such as GAPDH (glyceraldehyde-3-phosphate dehydrogenase) [5] [6] [7] .
Glutathionylation is the formation of a mixed disulfide between a cysteine moiety of GSH and a protein cysteine moiety, typically one with a lower pK a than the average cysteine residue [3] . The presence of reactive species such as ROS or RNS can enhance this type of modification. Although information about the mechanism of glutathionylation in vivo is still limited, it is known that different pathways exist which could lead to this modification (for a review, see [8] ). Several enzymes have been identified to promote glutathionylation, namely GSTs (glutathione transferases) and certain members of the Grx family [9] . Glutathionylation can also occur non-enzymatically; however, this is unlikely to be a major in vivo pathway, as for most proteins the GSH/GSSG ratio would need to reach an equal proportion, and the ratio of GSH/GSSG under normal physiological conditions is usually much too high (∼ 100) for a significant rate of modification in vivo [10, 11] . However, as the GSH redox status in the cellular compartments is dynamic and changes in response to a variety of stresses, short periods of low GSH/GSSG could occur. That being said, in general, glutathionylation seems to be a highly regulated process, as not all proteins with thiol groups carry this modification when exposed to oxidative stress. Important parameters are the accessibility, the reactivity of a specific cysteine residue determined by the surrounding amino acids and the protein microenvironment, including pH, GSH and ROS concentration [8, 12] . When a reducing environment is restored, the protein-GSH mixed disulfide is reduced in a process called deglutathionylation. Although it has been shown that this reaction can also be catalysed by some sulfiredoxins [13] and Trxs [14] , and can even take place in an uncatalysed fashion [10] , under physiological conditions Grxs are considered to be the major drivers of this reaction [14] [15] [16] .
Grxs are members of the Trx superfamily together with Trxs, PDIs (protein disulfide-isomerases), glutathione peroxidases and GSTs [17] . Although the sequence similarity in this superfamily is low, they share a common structural motif, the so-called Trx fold consisting of four stranded β-sheets and three flanking α-helices and a similar active site which is crucial for their redox functions ( Figure 1A ) [17] . This basic structure is extended by additional N-or C-terminal α-helices in most Grxs ( Figure 1B) .
The first member of this superfamily, an enzyme with a PDIlike activity, was discovered independently nearly 50 years ago by two separate research groups [18] [19] [20] . Shortly after, a second member of the superfamily was discovered and described as a heat-stable, low-molecular-mass polypeptide that was able to reduce bacterial RNR (ribonucleotide reductase). It was isolated in Escherichia coli and termed Trx [21] . Twelve years later, by analysing a trx-null mutant in E. coli, the presence of another small heat-stable protein was uncovered, which was equally able to reduce RNR. The protein was purified and named Grx [22] . In parallel, another group, analysing the reduction of mixed disulfides between cysteine and GSH (cys-SSG) discovered the presence of a cytosolic protein, which they isolated and named TTase (thioltransferase) [23, 24] . Hence, the terms Grx (Glrx) and TTase are used in parallel in the literature, although Grx is now the more common name. Since then, Trxs have been referred to in over 6000 publications, and Grxs, or TTases, in over 1100 publications (NCBI, October 2011). Interestingly, published views and opinions about the relative importance of Grxs and their functions have changed significantly over the years. In the present review we have attempted to survey the field and these views using a wide but not exhaustive use of this broad literature.
Grxs are small proteins that function as oxidoreductases and are highly conserved in genomes throughout evolution. They are localized to different compartments of the cell. The vast majority of the isoforms possesses a Cys-X-X-Cys or a Cys-X-X-Ser active site (Figure 2A ), which is normally reducible with GSH. The most well-documented role for these proteins is the reduction of protein-GSH mixed disulfides in a process termed deglutathionylation. The catalytic cycle differs between the monothiol or dithiol mechanisms ( Figure 2B ). The monothiol mechanism used in deglutathionylation reactions requires only the N-terminal active site cysteine residue to reduce the mixed disulfide between the target and GSH. The active form of the N-terminal nucleophilic cysteine residue, the thiolate, attacks the GSH moiety of the protein (P-SSG) and the resulting Grx-SSG intermediate is then regenerated by GSH. Consequently, GSSG is released and the Grx is reduced and ready for the next reaction cycle. Within the dithiol mechanism, an intramolecular disulfide bond is formed between the two active site cysteine residues, thus two molecules of GSH are needed to reduce the Grx. For some Grxs, it has been shown that this side reaction actually slows down the regeneration and thereby its specific activity [9, [25] [26] [27] [28] . Finally, GSSG is regenerated via a GR (glutathione reductase) and NADPH. For the reduction of protein disulfides, which involves both active site cysteine residues, the thiolate attacks the disulfide bond of the target protein ( Figure 2C ). The intermediate Grx-target complex is released by the action of the C-terminal resolving cysteine, leaving Grx with an intramolecular disulfide bond between the two active site cysteine residues. The regeneration cycle is completed by the stepwise reduction of the oxidized Grx via two molecules of GSH, GR and NADPH.
As Trx and Grx share high structural similarity, it has often been assumed that both subfamilies have overlapping functions. Indeed, some proteins are targeted by both Trx and Grx; however, the cumulative weight of evidence over the last 50 years of research has also revealed that there is specialization in their in vivo functions and thus in their physiologically relevant roles. Trxs mainly reduce oxidized protein thiols in vivo, whereas Grxs typically deglutathionylate proteins in cells. The difference in functionality between Trxs and Grxs can partly be explained by their different redox potentials. Typically, Trxs display a redox potential in the range − 221 to − 292 mV, whereas classical dithiol Grxs display redox potentials in the range − 198 to − 233 mV (at pH 7.0) [29] [30] [31] [32] [33] [34] . There have been cases where the redox potential for Grxs, which either form an internal disulfide bond between the N-terminal cysteine and an additional conserved (A) Sequence logo of the active site of Grxs; all class I and class II Grxs plus the two most studied class III Grxs, AthGrxC7 and AthGrxS13 (top) and all Grxs described in this paper (bottom) (136 Grx sequences are used for the corresponding alignment). The active site cysteine and serine residues are highlighted in red and orange respectively. Positive amino acids are coloured in blue, negative amino acids are coloured in green. (B) Deglutathionylation reaction via the monothiol reaction mechanism and the dithiol reaction mechanism. The Grx deglutathionylates a target protein using the N-terminal cysteine residue of its active site. The glutathionylated Grx is regenerated via GSH in the monothiol mechanism and via its C-terminal active site cysteine and GSH via the dithiol reaction mechanism. (C) Reduction of protein disulfides via a dithiol reaction mechanism. The thiolate of the Grx attacks the disulfide bond of a target protein. In a stepwise process, the target protein is reduced and the Grx is regenerated via GSH or TR. The active-site cysteine and serine residues are highlighted in red and orange respectively. cysteine residue, or monothiol Grxs that form mixed disulfides with GSH, have a lower redox potential, as described below. Whether these cases are exceptions or whether they are specific to Grxs with those types of reaction mechanisms, remains to be determined. Clearly, the redox potential of a given thiol pair will be significantly influenced by the redox buffering in the different compartments of the cell, and this needs to be known to deduce the in vivo importance of these redox potentials to the physiological function of Grxs. The Trx redox potential, roughly 100 mV lower than that of Grxs, gives the former more reducing power to fulfil their function in the reduction of oxidized protein thiols, but at the same time this often makes a separate regeneration system necessary. Typically, the Trx regeneration system includes TR (Trx reductase) and NADPH, whereas the Grx regeneration system comprises GSH, GR and NADPH. Although it was assumed for a long time that the two regeneration systems of the subfamilies are uncoupled [35] [36] [37] [38] , there is increasing evidence for points of interconnection, which have been highlighted through cases where the Trx and Grx systems can substitute for each other. This was shown for two class I Grxs from Arabidopsis thaliana, which can reduce the cytosolic Trxh3 [39] . Also, a cytosolic Trx can be regenerated by the Grx/GSH system in plant cells [38] and the chloroplast monothiol Grx3 in Chlamydomonas can be efficiently reduced by a FTR (ferredoxin/TR) [40] . In the latter case, the authors hypothesize that this has a physiological relevance, as the reduction of CrGrx3 by FTR is more efficient than for a range of Trxs.
In general, as oxidoreductases, all members of the Trx superfamily are able to participate in formation, breakage and isomerization of disulfide bonds. Their basic structure allows the thiol exchange reactions to be carried out in either direction and they can substitute for each other [41] . Important determinants for their final in vivo function are the redox potential of the disulfide bond and the prevailing conditions in their subcellular environment. Studies have shown that if Trx is exported to the periplasm of E. coli it functions as an oxidant [42] . Furthermore, if the active site is exchanged for the active site of the DsbA the disulfide bond formation is more efficient, and it leads to a full complementation of the DsbA deficiency phenotype [43] . Another study showed that, upon manipulating the redox potential of a compartment, for example by disrupting one of the two major reducing pathways in the bacterial cytoplasm in the trxB mutant, not only do oxidized proteins accumulate as a direct consequence, but that they were actively oxidized by the remaining Trxs [44] .
In vitro and in vivo assays have revealed that some Trxs possess deglutathionylation activity [14, 38] and a study in yeast revealed a Trx that was able to regenerate GSSG, at least in the absence of a GR system [45] . It should be noted that, thermodynamically, Trxs, Grxs and PDIs should all be able to perform deglutathionylation reactions [15] . Whether these exceptions are owing to a special combination of protein properties and the given microenvironment, or if they represent more general features important under physiological conditions, remains to be seen. However, a study using glutathionylated mitochondrial proteins from liver cells has shown that Grxs in general are by far the more effective deglutathionylating enzymes, kinetically, among all of the systems that act on glutathionylated proteins on a molar basis [15] . One reason for this might be the exchange of an important amino acid within the active site of this Trx, resulting in reduced interaction with GSH [15] .
One relatively recently discovered feature of these proteins might separate the in vivo functions of Trxs and Grxs more clearly. Evidence has accumulated that some Grxs are able to bind iron in complex with GSH in vitro and in vivo [46, 47] . Even though thiolates in general have a tendency to react with metal ions, in vivo this seems to be restricted to Grx family members. In Trxs, this seems to be prevented by a highly conserved cis-proline adjacent to the β3 strand of the fold, as shown by a series of variants with proline exchanged for other amino acids in human Trx [48] . Metal binding in Grxs is more complex, as all Grx sequences analysed for the present review have the aforementioned proline. However, several studies revealed that amino acids close to the active site are crucial for the ability of Grxs to bind the iron-sulfur cluster. First, the presence of a proline residue within the active site negatively influences the binding of iron-sulfur clusters for some Grxs [49, 50] , although there are exceptions [51] . Secondly, the presence of a bulky tryptophan residue adjacent to the active site may prevent the incorporation as shown for PtreGrxS12 [52] ; however, AthGrxC5 is able to incorporate iron-sulfur clusters even though the tryptophan residue is present [28] . Thirdly, the second active site cysteine residue is also important, probably for stabilization purposes. Taken together, these observations lead to the hypothesis that positions − 1, + 1 and + 3 with respect to the N-terminal cysteine residue act in concert to control iron-sulfur cluster incorporation, at least for class I Grxs [28] . In general, two different functions for this iron binding are often discussed: first a role for Grxs in biogenesis of iron-sulfur clusters and their subsequent trafficking in the cell [53] ; and secondly the incorporation of iron-sulfur clusters into dimeric Grxs to provide a cellular redox sensor mechanism [46] .
In general, there are three major factors that act in concert to modulate the physiological function of a specific Grxs: the pK a of its cysteine residues, the subcellular location of the protein and the GSH-binding site.
The amino acid composition of both the active site itself and the close radius of the active site within the folded protein structure, can strongly influence the pK a of the N-terminal cysteine residue and the disulfide redox potential. The pK a of the N-terminal cysteine residue of the active site of Grx is lower than that of the average cysteine (∼ 8.3). As a result, compared with average cysteine residues, a larger proportion of these cysteine residues can exist as thiolate ions, the active form of the residue, even at physiological pH. This deviation of the pK a is mainly due to charge stabilization of the thiolate anion due to several factors. First, the location at the N-terminus of an α-helix stabilizes the thiolate anion via partial positive charge of the helix dipole [54] . Secondly, the presence of a proline residue following the cysteine leads to a decrease in pK a , probably due to a more favourable positioning of the cysteine relative to the helix [54] . Thirdly, positively charged amino acids such as lysine just short of the active site are conserved in some Grxs and stabilize the Nterminal cysteine residue [16, 55, 56] . A complex set of interactions is thus involved in lowering the pK a of the cysteine residue. The pK a is important for the disulfide redox potential, but there is probably no direct correlation [57] , as other factors such as the internal '-X-X-' sequence influence the redox potential of the two active site cysteine residues as well [58, 59] . The pK a for the nucleophilic cysteine within different redox-sensitive proteins varies between 5.1 and 7.5 for Trxs [30, [59] [60] [61] [62] [63] and from 3.5 to 5.5 for Grxs [34, 55, [64] [65] [66] [67] [68] [69] . The considerable difference in the pK a values of the nucleophilic cysteine between Trxs and Grxs affects their reactivity and ability to act as a leaving group in the second step, the regeneration via GSH [56, 70] . Usually a decrease in pK a correlates with an increase in redox potential. Examples of this among members of the Trx superfamily include DsbA, HsTrx1 and HsTrx2 [30, 71] . However, although the redox potential is influenced by the pK a of the catalytic cysteine residue, it also contains pH-independent components, and thus is not solely determined by the pK a [57] . The orientation of the side chain of the active site cysteine residue is also important. It is believed that this structural feature is the basis for major differences in deglutathionylation activity between yeast ScGrx1 and ScGrx2 [27] .
The subcellular location of the Grx is crucial to function. The pH of the aqueous environment varies between compartments, and this will play an important role as it determines to what extent the thiolate form is available to participate in nucleophilic reactions. It is reported that there are considerable differences in the general redox potential between subcellular compartments. Usually organelles such as chloroplast and mitochondria show a lower redox potential [72, 73] than the cytosol. Grxs have to be tailored to these conditions to be active or inactive at the right time via the multitude of factors influencing the pK a of the N-terminal cysteine residue, hence the description of the active site as a molecular rheostat [57] . For example, Chlamydomonas rheinhardii CrGrx3 has the lowest redox potential recorded for a Grx ( − 323 mV at pH 7.9) and the internal disulfide bond between the N-terminal active site cysteine and one of the additional conserved cysteine residues can only be regenerated via the plastidic ferredoxin/ferredoxin-TR and NADPH [40] . This enables the chloroplast to link the regeneration of this particular Grx to the light reactions in the chloroplast. Another example is the chloroplast-located AthGrxS12. The low redox potential of the mixed disulfide of glutathionylated PtreGrxS12 ( − 350 mV at a physiological pH of 7.9) may allow the accumulation of the glutathionylated protein in vivo. The authors hypothesize that under stress conditions, which would elevate the redox potential in the chloroplast, this could lead to stabilization of glutathionylated target proteins for signalling purposes and possibly trigger a stress response [67] . The restriction of a particular Grx by the membranes of subcellular compartments also limits the number of possible target proteins considerably and will have an impact on physiological functions.
Beyond the active site, the GSH-binding site is also important for Grx function. A single amino acid substitution in this site can lead to modification of protein activity as seen in yeast ScGrx1 and ScGrx2 [74] .
CLASSIFICATION OF Grxs BY SEQUENCE STRUCTURE CLASSES
A classification of Grxs into subgroups is helpful both to subdivide the known functions of the different members of the family and
Figure 3 Unrooted phylogenetic tree of Grxs
An alignment of 136 different Grx sequences was generated in Clustal Omega and subsequently a neighbour-joining (NJ)-based tree was generated using MEGA 5.0. Branch lengths are proportional to the phylogenetic distances. Bootstrap testing was conducted with 1000 replicates; values higher than 70 % are indicated by the circles on branches. The tree was annotated using iTOL and partially manually modified in Adobe Illustrator. Class III is collapsed (see Figure 5 for details). The experimental and predicted location of the Grxs is indicated by a colour code: orange, cytosol; red, mitochondrial; blue, secretory pathway; green, chloroplast; brown, nucleus; purple: cell wall associated. Some sequences were only available as fragments, thus no prediction could be performed and they are indicated as clear. The colour code is displayed as colour stripes, and the particular branches are coloured by the experimental location. The localization prediction was performed using the following software tools available online: (i) Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html) [128] ; (ii) WolfPsort (http://wolfpsort.org/) [129] ; (iii) TargetP (http://www.cbs.dtu.dk/services/TargetP/) [130] ; (iv) Bacello (http://gpcr.biocomp.unibo.it/bacello/) [131] ; and (v) Pprowler nuclear (http://pprowler.itee.uq.edu.au/Nucleo-Release-1.0/index.jsp) [132] . If the software had the option to select between animal, fungal or plant sequences, the mode corresponding to the analysed sequences was used. Dual/multiple location is indicated by multiple colours in the corresponding colour stripe. Active site, monothiol Grxs and Grxs with additional conserved cysteine residues (as discussed in the text and in Figure 3 ) or additional domains are indicated. The ability to fulfil different functions, such as deglutathionylation of HED or protein, reduction of disulfide bonds, reduction of DHA or incorporation of iron-sulfur clusters, is indicated by ' + '. In general, ' + ' indicates that the particular Grx is able to fulfil this function, ' − ' indicates that it is not able to fulfil the function in a given study; ' ' indicates controversial publications, no symbol means the function has not been tested. Published structures and number of publications on the Grx are given; the size of the circle corresponds to the percentage of structures compared with the total number of available Grx structures, and the percentage of publications compared with the total number of publications respectively. For more information, see Supplementary Table S1 (at http://www.BiochemJ.org/bj/446/bj4460333add.htm). The inset explains the abbreviations and gives the number of Grx sequences available for each organism from UniProt, exluding Populus tremula. As only three annotated Populus tremula sequences are available from the database, they have only been added to the sequence alignment to build the tree.
to search for novel structure-function relationships. As bacteria, yeast and humans only have a limited number of Grxs family members, a simple classification into monothiol and dithiol Grxs has often appeared sufficient. However, once the much larger number of Grx sequences in higher land plants was discovered, a new classification was needed. Couturier et al. [75] proposed a classification of Grxs into six subgroups according to overall similarities in the full-length protein sequence. In order to build a framework for discussion of sequence-function relationships between Grxs, family members from a range of organisms are clustered in the present review in a phylogenetic tree ( Figure 4 and Figure 5 ; for the complete tree, see Supplementary Figure  S1 at http://www.BiochemJ.org/bj/446/bj4460333add.htm). For this purpose, 136 Grx sequences have been identified and collated from different organisms across a range of kingdoms, including Escherichia coli (Ec), baker's yeast Saccharomyces cerevisiae (Sc), the green algae C. reinhardtii (Cr), the cyanobacteria Synechocystis PCC6803 (Sy), the higher plants
Figure 4 Additional conserved cysteine residues in Grx sequences
(A) Sequence logo of the subset of Grxs with additional conserved cysteine residues. *1 indicates the conserved cysteine residue in class I and II Grxs as described in the text, and *2 indicates a cysteine residue conserved in class III Grxs. (B and C) Position of the conserved cysteine residue within the Grx for a class II Grx, ScGrx5 (PDB code 3GX8) (B) and a class III Grx, AthGrxS2 (structure modelled on the basis of PDB structure 3FZ9, with a 42 % sequence identity, using SwissModel's automated mode) (C).
Oryza sativa (Os), Populus trichocarpa (Ptri), Populus tremula × Populus tremuloides (Ptre) and A. thaliana (Ath), the parasite Trypanosoma brucei (Tb) and human Homo sapiens (Hs).
For the alignment, Grx sequences have been shortened to ∼ 20 amino acids in front of the active site and ∼ 80 amino acids beyond the active site. For the exact truncation sites, the reader is referred to Supplementary Table S1 (at http://www.BiochemJ.org/bj/446/bj4460333add.htm). This retains the active site and the GSH-binding site intact, but removes long C-terminal or N-terminal extensions, which prove to be difficult for reliable sequence alignments and phylogenetic analysis. In addition, this removes any existing N-terminal signal peptides. We consider this to be valuable in the context of the present review for two reasons. First, after the import of Grxs to their destinations, signal peptides are cleaved, so they do not have any direct impact on Grx function. Secondly, in order to determine whether there are sequence features of organellar Grxs, the positioning of the organellar Grx within the tree should not be influenced by the variable nature of signal peptide sequences. ClustalOmega [76] , the latest version of Clustal, was used for the amino acid alignment, and this was subsequently used as input for the phylogeny software Mega5 [77] . To verify the correctness of the clades, bootstrap values were generated using 1000 repetitions. In general, bootstrap values higher that 70 % are considered to indicate true clades [78] . The tree was displayed and annotated using iTOL [79] and partially manually modified using Adobe Illustrator. The tree divides the set of 136 Grx sequences into three classes (I, II and III) and resembles a similar structure to trees published previously using other subsets of Grx sequences [75, 80] . The minor differences are likely to be due to the shortening of the sequences and inclusion of different species.
The vast majority of Grx members of class I and II are located in cellular organelles. This includes mitochondrial Grxs in all the eukaryotes and, for photosynthetic organisms, chloroplast Grxs as shown in the indicated studies. However, in both classes there are Grxs clustering together, which are shown to have a cyto-nucleoplasmic location {ScGrx3 [81] and ScGrx4 [82] in class II, and AthGrxC1 and AthGrxC2 (both [83] ) in class I}. Two Grxs in class I are found to be destined for the secretory pathway, the ER (endoplasmic reticulum) and Golgi apparatus (ScGrx6 and ScGrx7 [84, 85] ). The distribution of Grx members among these two classes reveals why a simple classification into monothiol and dithiol Grxs is insufficient. Class I contains a mix of monothiol and dithiol Grxs, whereas class II exclusively contains monothiol Grxs. The final class III grouping is dominated by the so-called CCtype Grxs, owing to their special active site sequence, CC(M/L)(C/S) [86] , its members are restricted to the angiosperms and these sequences do not contain signal peptides or a nuclear localization signal, suggesting a cytosolic location. Each class and an integrated analysis of data on their catalytic properties and biological roles are discussed below.
Class I
Class I contains the most classical Grx proteins according to their function analysis. Analysis of the literature shows that every Grx from this class that has been tested is able to perform a deglutathionylation reaction (Figure 4) . Most of these studies have been performed using heterologously expressed and purified Grx and glutathionylated HED (β-hydroxyethyl disulfide) as a nonspecific substrate, an artificial disulfide [37] . Deglutathionylation An alignment of 136 different Grx sequences was generated in Clustal Omega and subsequently a neighbour-joining (NJ)-based tree was generated using MEGA 5.0. Branch lengths are proportional to the phylogenetic distances. Bootstrap testing was conducted with 1000 replicates, values higher than 70 % are indicated by the circles on branches. The tree was annotated using iTOL and partially manually modified in Adobe Illustrator. Only class III is displayed (see Figure 4 for class I and class II). The organisms of sequence origin are indicated by a colour code: dark green, A. thaliana; light green, P. tremula and P. trichocharpa; and blue, O. sativa. The experimental and predicted location of the Grx is indicated by a colour code: orange, cytosol; red, mitochondrial; blue, secretory pathway; green, chloroplast; brown, nucleus. Some sequences were only available as fragments, no prediction could be performed and they are indicated as clear. The colour code is displayed as colour stripes, and the particular branches are coloured by the experimental location. The localization prediction was performed using the same software tools as Figure 4 . If the software had the option to select between animal, fungal or plant sequences, the mode corresponding to the analysed sequences was used. Dual/multiple location is indicated by multiple colours in the corresponding colour stripe. Active site, monothiol Grxs and Grxs with one or several of the following features: Al/IWL motif, LXXXL or LXXLL, LXXLV/I motif or one of the two additional conserved cysteine residues are indicated by ' + '. In general, ' + ' indicates that the particular Grx has the noted feature. Published structures and number of publications is given; the size of the circle corresponds to the percentage of structures compared with the total number of available Grx structures, and the percentage of publications compared with the total number of publications respectively. For more information, see Supplementary Table S1 (at http://www.BiochemJ.org/bj/446/bj4460333add.htm).
of HED by Grxs is typically measured via a regeneration system of GSH, GR and NADPH, with the NADPH consumption measured spectrophotometrically (for a comprehensive Grx methods review, see [87] ). Some studies of Grxs have used glutathionylated proteins as substrates, shedding light on the in vivo function of Grxs. Previous studies have revealed that some class I Grxs are able to bind [2Fe-2S] clusters [46, 83, 88] .
One of the most studied members of class I is human HsGrx2 (Figure 4 ). In 2001, two different groups published data about identification and characterization of this particular Grx [89, 90] . HsGrx2 exists in two isoforms, a and b, which are translocated to the mitochondria and the nucleus respectively, due to a 5 -extension in HsGrx2a which represents a mitochondrial targeting peptide. Activity measurements revealed that HsGrx2 is active in the classical HED assay, although with a much lower specific activity than the previously identified HsGrx1 [90] . In contrast with HsGrx1, HsGrx2 is not as strongly inhibited by H 2 O 2 [89] . Strong heterologous expression of HsGrx2 in E. coli led to the observation of a reddish-brown colour of the cells. Spectral properties and determination of the iron content revealed the identity of the bound cofactor, a [2Fe-2S] cluster. Furthermore, analysis of cysteine residue mutants of HsGrx2 have revealed that two additional cysteine residues opposite the active site are involved in the co-ordination of the cluster, leading to homodimerization of two Grx molecules [46] . Analysis of the stability of the iron-sulfur cluster in combination with activity measurements has led to the conclusion that the presence of the cluster can regulate the activity of HsGrx2. The HsGrx2 homodimer is inactive in the HED assay, whereas disassembly activates its classical Grx functions. The presence of the cluster itself is regulated by the redox environment: GSH stabilizes the dimer, whereas oxidants such as GSSG promote disassembly [46] . The second Grx discovered to bind a [2Fe-2S] cluster was poplar PtreGrxC1 [88] , also a class I member. Interestingly, PtreGrxC1 seemed to utilize a different mechanism to co-ordinate the cluster. Structural analysis showed that the N-terminal active site cysteine residue of two Grx molecules and two GSH molecules represent the four ligands for the cluster. Could this indicate two different ways to co-ordinate an [2Fe-2S] cluster in class I Grxs? The controversial findings by Lillig et al. [46] and Feng et al. [88] led to an X-ray crystallography study analysing the structure of HsGrx2 [91] . They discovered that the cluster co-ordination of HsGrx2 is similar to PtreGrxC1. Shortly after that, Berndt et al. [49] confirmed these results. They developed a reconstitution assay, primarily to analyse the stability of the iron-sulfur cluster in more detail, which had proved to be difficult previously as HsGrx2 slowly loses the cluster during aerobic purification. As GSH appeared to promote the formation of the dimer, the assay was modified using radiolabelled GSH and this led to significant insights regarding the structure/conformation of HsGrx2. GSH was shown to be part of the dimer, but only the N-terminal active site cysteine residue was essential for the iron-sulfur cluster binding, whereas the two additional cysteine residues were important for the stability of the protein [49] . Furthermore, a decrease in the GSH/GSSG ratio was found to promote disassembly, probably because the GSH participating in the iron-sulfur cluster binding was in constant equilibrium with free GSH [49] . Notably, the radioactive GSH used in these studies was not found to be bound by monomeric HsGrx2. The in vitro reconstitution assay was performed in the presence of iron, sulfide donated by the cysteine desulfurylase IscS, cysteine, DTT (dithiothreitol) and GSH [49] . A recent study has analysed the iron-sulfur cluster exchange between the iron-sulfur scaffold protein ISU and HsGrx2 in more detail, using isothermal titration calorimetry [92] . This study revealed that the transfer is reversible and the process does not involve a stable proteinprotein interaction between HsGrx2 and ISU.
On the basis of published data, the plant class I Grx, AthGrxC5, is probably the most versatile Grx known to date. In vitro, it could be shown that, besides its ability to bind a [2Fe-2S] cluster, it is also able to deglutathionylate HED as well as physiological targets, such as plastidial methionine sulfoxide reductase B1 and peroxiredoxin IIE. It can also reduce disulfide bonds and the small molecule DHA (dehydroascorbate) [28] . The ironsulfur cluster in this Grx has a similar ligation and function to the one in HsGrx2, it renders AthGrxC5 inactive. A. thaliana chloroplasts contain a second class I Grx, AthGrxS12. The close homologue poplar PtreGrxS12 has been analysed in more detail [28, 67] and shown to both deglutathionylate and reduce disulfides. However, as PtreGrxS12 does not bind iron-sulfur clusters as described above, it can be assumed that it is constantly in an active form. The in vivo function of AthGrxC5 remains to be analysed.
Class II
Class II contains only monothiol Grxs, and many have experimentally been shown to be located in mitochondria or plastids (Figure 4) . The vast majority of them have an additional conserved cysteine residue ( Figure 3A ). In the correctly folded protein, this conserved cysteine is predicted to come into close proximity with the active site cysteine (Figures 3B and 3C ).
Therefore it was hypothesized that this additional cysteine residue plays a role in the mechanism of Grxs. It has been shown that certain monothiol Grxs (ScGrx5) are found with an intramolecular disulfide bond between the N-terminal active site cysteine residue and the additional cysteine residue [64] . As the formation of a disulfide bond is a crucial step for the dithiol mechanism, this finding supports the theory that, although they are monothiol Grxs, they can still catalyse a dithiol reaction mechanism. Class II also has a subclass consisting of multidomain Grxs, such as HsGrx3 and ScGrx3 and ScGrx4, which have either multiple Grx domains or an additional Trx domain. It is believed that two genes (Trx and Grx) fused in a common ancestor to most eukaryotes [75] and several subsequent duplication events have led to the formation of these multiple Grx domain proteins. Whether all multidomains are functional is currently an issue under investigation. For ScGrx3, it has been shown that only single domains take part in the thiol-oxidoreductase reaction [81] , whereas contrasting results are obtained for ScGrx4, where both domains are involved in the reaction [93] .
Class II Grxs have the most unusual regeneration partners. The vast majority of monothiol Grxs show no activity in the non-specific HED assay, which might be due to the fact that they have a low or no affinity for GSH, at least in in vitro studies [94] . This could mean that GSH is not the electron donor for these monothiol Grxs. Several examples illustrate this possibility. On the basis of the fact that chloroplast-located C. reinhardtii CrGrx3 was not active in any assay using the classical regeneration system, GSH, GR or NADPH, Zaffagnini et al. [40] determined the redox potential to be very low, at − 323 mV (pH 7.9). They concluded that GSH is not the in vivo regeneration partner of CrGrx3. Furthermore, they could show that CrGrx3 needed ferredoxin and ferredoxin-reductase and a functional photosynthetic electron transport chain for efficient regeneration [40] . Another class II Grx, E. coli EcGrx4, was regenerated via TR and EcGrx1 [95] . Similar to the vast majority of the class II Grxs, EcGrx4 has an additional cysteine residue. Using differential oxidative treatments and site-directed mutants for the conserved cysteine residues, it was revealed that, during the reaction cycle of EcGrx4, its two active site cysteine residues become oxidized and form a disulfide bridge. In addition, its extra cysteine residue becomes glutathionylated. In vitro, TrxR and EcGrx1 have been shown to be the regeneration partner for these two experimentally described oxidative modifications. EcGrx4 does not show any electron transfer from GSH itself [95] .
A well-studied class II Grx is S. cerevisiae ScGrx5. It was the first monothiol Grx to be shown to deglutathionylate proteins in vivo [96] . On the basis of the observation that cells challenged with different oxidants (H 2 O 2 , tertbutylhydroperoxide and diamide) showed a modification which was reversible with DTT, the intracellular pool of low-molecular-mass sulfhydryls was radiolabelled. Glutathionylation was detected by separating the cellular proteins on 2D gels and performing autoradiograms. Interestingly, they discovered that the oxidants elicit different responses, indicating that glutathionylation is a targeted and highly specific process and does not attack all cysteine residues equally. GAPDH was the major protein to be modified by glutathionylation. Yeast GAPDH consists of three isoenzymes, and yeast knockout cells specific for each isoenzyme revealed that only one is actually a target for glutathionylation [96] . Using a cell-free expression system, an additional isoform was found to be glutathionylated. This demonstrated that there are factors within the cell that regulate this type of oxidative modification. A comparison between oxidatively stressed wild-type and a ScGrx5 knockout strain showed drastically reduced GAPDH activity in the mutant. Recovery of the cells in fresh medium only slowly regenerated GAPDH activity in the ScGrx5 knockout. The conclusion that ScGrx5 is the deglutathionylating enzyme in vivo was supported by the finding that the basal level of glutathionylated proteins was higher in the ScGrx5 knockout strain than in the wild-type strain [96] . However, this also showed that there are other Grxs that are able to at least partially compensate for the loss of ScGrx5. ScGrx3 and ScGrx4 are not likely candidates for this, as KO strains showed a delayed recovery similar to ScGrx5 knockouts [96] . To date, it still seems to be unclear how the monothiol reaction mechanism and specifically the glutathionylation reaction mediated by ScGrx5 is catalysed [94] .
There are also controversial experimental data about the need for the additional cysteine residue in ScGrx5. In vitro, it seems to be essential [64] , whereas in vivo it is not [97] . However, it has to be mentioned that these two studies use different experimental systems to draw their conclusions. Tamarit et al. [64] used heterologously expressed protein and performed in vitro activity measurements with site-directed mutant proteins to determine the importance of the N-terminal active site cysteine and the additional conserved cysteine residue [64] . This study revealed that ScGrx5 is able to deglutathionylate at least one protein, carbonic anhydrase III, but for this function the additional cysteine residue is needed. Belli et al. [97] employed a ScGrx5 knockout strain and complemented it with site-directed mutagenesis versions of ScGrx5. The N-terminal active site cysteine residue and the additional cysteine residue were replaced by serine in that study. Whereas the version with the mutation in the active site could not complement the phenotype, exchange of the additional cysteine did not impair the complementation of the well-known growth phenotype of the ScGrx5 knockout strain. The additional cysteine residue did not seem to be important for the in vivo function of ScGrx5. However, as these authors have not analysed the molecular basis of this particular phenotype, it could be that an impaired iron-sulfur cluster binding of ScGrx5 is the basis of the phenotype, as no additional cysteine residue would be required for a [2Fe-2S] cluster ligation. At the time of the study, it was known that the accumulation of iron and carbonylation of cellular proteins was higher in the ScGrx5 knockout strain, but it was not known at that time that some Grxs are able to bind ironsulfur clusters. So no connection was drawn in the primary reports. Some years later, by analysing multiple monothiol Grxs, it was discovered that ScGrx5 indeed incorporates an iron-sulfur cluster [98] . Notably, yeast ScGrx5 knockout strains are used frequently as genetic backgrounds for complementation with Grxs thought to bind iron-sulfur clusters (e.g. [53] ). Two of the best described plant Grxs from class II are AthGrxS14 and AthGrxS16. They locate to the chloroplast, and heterologous expression in E. coli revealed that the proteins have an iron-sulfur cluster, evident by the red-brownish colour of cells overexpressing these proteins [53] . Spectroscopic analysis and biochemical determination of acid-labile iron showed that there is one [2Fe-2S] cluster bound per two Grx molecules. Sitedirected mutagenesis was used to exchange cysteine residues in AthGrxS14, and the colour of the cells expressing these mutant proteins indicated that only the N-terminal active site cysteine residue is essential for the cluster ligation. On the basis of the co-ordination of the [2Fe-2S] cluster in poplar PtreGrxC1 [88] and HsGrx2 [91] , the authors proposed a similar co-ordination via the N-terminal cysteine residue of the active site of each Grx and two molecules of GSH. However, the study revealed possible differences in iron-sulfur cluster binding between different Grxs for the first time. Spectral analysis (UV-visible absorption and CD spectra) of AthGrxS14 and AthGrxS16 in comparison with HsGrx2 led to the finding that there are at least two different orientations of [2Fe-2S] clusters bound by Grxs [53] , probably due to differences in ligand arrangement or cluster environment. Aromatic amino acids close to the cluster, or cis or trans orientation of GSH could be the reason [50] .
The majority of Grxs analysed from class II to date have been shown to bind iron-sulfur clusters when heterologously expressed in E. coli. Also, the multidomain Grx proteins HsGrx3, ScGrx3 and ScGrx4, a subclass within class II, have this feature of iron-sulfur cluster binding [98, 99] . Recently, a dual function for ScGrx3 and ScGrx4 was discovered [100] . They are involved in iron uptake and transfer to di-iron enzymes as well as in sensing iron within the cell. Under high-iron conditions, interaction of ScGrx3 or ScGrx4 with the transcription factor Aft1 excludes Aft1 from the nucleus and thereby prevents the activation of an iron regulon, encoding for components for iron uptake and distribution [101] . The interaction with Aft1 is established by both the Grx and Trx domains, whereas the relocation upon binding is only attributed to the Grx domain [101] .
Grxs of class II are known to readily release their bound iron-sulfur cluster, as revealed by the rapid loss of the reddishbrown colour of these Grxs during protein purification. HsGrx3 completely loses its iron-sulfur cluster after 2 h [99] . It was hypothesized early on that Grxs in this class might transfer the [2Fe-2S] cluster to other proteins [53] . In vitro, the transfer to ferredoxin (one of the most highly conserved chloroplast Fe-S-cluster-containing proteins) was 60 % complete in 5 min. In comparison, the class I poplar PtreGrxC1 could not appreciably transfer the iron-sulfur cluster in 120 min to ferredoxin [53] . Further experimental evidence comes from knockout studies in yeast. The absence of ScGrx3 and ScGrx4 only results in a slight decrease of RNR protein level, but a strong decrease in activity [100] . The difference in the iron-sulfur cluster stability in class II makes sense if these clusters have a scaffold or transport function. Such clusters must be able to be readily released from their transporter, in contrast with an iron-sulfur cluster with a regulatory function whose release should be highly regulated.
Another plant class I Grx, AthGrxC1 binds an iron-sulfur cluster [2Fe-2S], and can complement the yeast ScGrx1 (class I) knockout phenotype, but is unable to complement the yeast ScGrx5 (class II) knockout phenotype [83] . This finding also provides support for the hypothesis of two different iron-sulfur cluster functions, which are not interchangeable between class I and class II Grxs.
Class III
Class III is dominated by the so-called CCtype Grxs due to their special active site sequence, CC(M/L)(C/S). Another widely used name for Grxs of this class in Arabidopsis is ROXY (first named for the sequence similarity of ROXY1 to small ubiquitous oxidoreductases from other species) followed by consecutive numbers according to decreasing protein sequence similarity with AthGrxC7, the first mutant of a ROXY described [102, 103] . Class III members are restricted to angiosperms ( Figure 5 ), but in higher plants this class represents the large majority of the Grxs encoded in genomes. Class III has been highlighted in previous phylogenetic analyses and has been further divided into three subgroups. Two of them represent Grx sequences which are only from the dicots Arabidopsis and poplar or only from the monocot rice respectively, whereas the third subclass represents a mixture of Arabidopsis, poplar and rice Grxs. This observation led to the proposal that the classes developed during two recent events of duplication that have occurred in angiosperms: one shortly after the split of the monocots from the eudicots and then a second duplication event that occurred independently in the different angiosperm lineages [86] . By analysing the gene structure of this group, Ziemann et al. [86] also discovered that, in contrast with Grxs from the other classes, the class III Grxs do not contain introns. This structure probably promoted successful gene duplication events [104] . The existence of the third subgroup, found in both monocots and dicots, gives rise to the hypothesis that these Grxs might be needed for essential processes conserved in plant cells, such as general regulation of land plant-specific features.
Key questions about class III Grxs include: what is their exact function, and why are there so many of them? Gene expression analysis reveals that, under a variety of different environmental stresses, a strong up-or down-regulation can be observed in class III Grxs, whereas the expression of other Grx classes are largely unaffected by these stress treatments. The most noticeable changes in transcripts for class III are related to light, circadian clock experiments, drought or cold stress and nitrogen starvation. All these factors are known to influence flowering in Arabidopsis [105, 106] . Interestingly, the same Grxs that are up-regulated in the circadian clock experiment are down-regulated under cold stress, and vice versa. This strong co-expression within subgroups might be an indicator for functional redundancy among the class III Grxs; on the other hand, the function itself might be so important that it drives the maintenance of functionally redundant copies in plant genomes. It was hypothesized previously that the members of this Grx class might only be pseudogenes which are not expressed or functional in the cell [75] . But significant transcript up/down-regulation under diverse stresses provides evidence for in vivo expression and function of these Grxs. Unfortunately, corresponding protein data are rare; only one Grx from class III is represented in the largest shotgun proteome study performed in a range of Arabidopsis tissues (AtProteome; [107] ). This might be due to low protein abundance or tissue/organ-specific protein expression of class III Grxs, which complicates their detection. If they are involved in regulation of transcription factors, as has been proposed for AthGrxC7 and others, then a smaller protein pool size would also be expected.
The best characterized class III Grxs, AthGrxC9, AthGrxC7 and AthGrxS13, interact with members of the TGA transcription factor family [102, [108] [109] [110] . In Arabidopsis, the family comprises ten members, of which TGA1-TGA7 are involved in pathogen defence and stress responses [111, 112] , and TGA9, TGA10 and PAN (PERIANTHIA) are involved in developmental processes, such as flower development [102, 113] . Post-transcriptional regulation via TGA transcription factors is known to rely on conserved cysteine residues for proper function [102, 114] . For example, TGA1 interacts with NPR1 (NONEXPRESSOR OF PR GENES), but only in its reduced state [114] ; it is hypothesized that AthGrxC9 is involved in the reduction of its intramolecular disulfide bond [108] . It has been shown that the exchange of a cysteine to a serine in a highly conserved region in another member of the TGA gene family, PAN, reportedly functioning as a transactivation domain, abolished successful complementation of a PAN-null mutant [102] . As AthGrxC7 was identified as an interaction partner of PAN as well as other TGA transcription factors [102] , the redox regulation of PAN might be mediated via this one particular cysteine and a class III Grx. Also, TGA2, which interacts with all class III Grxs, only has one cysteine residue. It remains to be analysed if this is involved in the reaction [110] . The mechanisms by which the individual TGA transcription factors are regulated appear to differ.
For full functionality, both AthGrxC7 and AthGrxC9 rely on their N-terminal active site cysteine residue and their GSHbinding site [110, 115] . To investigate the underlying mechanism, as a thiol exchange or deglutathionylation reaction, an attempt has been made to produce recombinant proteins [116] . Using a series of modified Grx versions the study revealed that, albeit with greatly reduced rates, they are active as oxidoreductases in reducing disulfide bonds in the insulin assay and are able to deglutathionylate HED [116] . Couturier et al. [116] hypothesized that the low activity observed could be due to low conservation of the GSH-binding sites in class III Grxs, proposed on the basis of modelling of the three-dimensional structure of PtreGrxS7.2. This finding remains to be confirmed with native class III Grxs and in their in vivo environment. Recently, it has been shown that exchanging the CCMC active site in AthGrxC9 with a typical class I Grx active site (CPYC) resulted in wild-type-like behaviour, leading to the proposition that the exact sequence of the class III active site was not important for enzymatic function of proteins in this class [110] . It remains to be seen if this can be repeated more widely in class III Grxs.
Interestingly, recent studies have also revealed that not only are the amino acids directly involved in thiol-based reactions important, but that additional motifs in the C-terminal extension are essential for the physiological function of AthGrxC7 and AthGrxC9 [74, 110, 117] . The class III Grx-specific α-helix consists of an LXXLL (where X is any amino acid) motif, and variations thereof determine the interaction with TGA transcription factors. Whereas TGA3 and PAN are quite stringent and require LXXLL or LXXXL for interaction [117] , TGA2 interacts with all class III Grxs, including the ones harbouring an LXXLV/I motif [110] (Figure 5 ). However, for a proper in planta function of AthGrxC7, a second motif, the AL/IWL motif (close to the LXXLL motif) is essential [117] . In particular, the C-terminal leucine in the ALWL motif is important in modulating the function of some class III Grxs [110] .
Studies using the roxy1 (AthGrxC7)-null mutant have also shown that several other class III Grxs can restore the phenotype, but only if their expression is controlled by the AthGrxC7 regulatory elements (a 3.6 kb promoter element) [102] . This could suggest that only some class III Grxs are functionally redundant, which is probably correlated to the presence or absence of the above discussed C-terminal protein sequence motifs in combination with specific tissue or developmental expression patterns. Among class III Grxs, experimental subcellular localization data only exist for AthGrxC7, AthGrxC13, AthGrxC14, AthGrxS9 and AthGrxS11, which were all shown to localize to the cytosol and the nucleus [102, 117] . The successful complementation of the flowering phenotype of the roxy1-null mutant with a modified version of AthGrxC7, whose location was restricted to the nucleus, revealed that AthGrxC7 fulfils its function in petal development exclusively in the nucleus [102] . AthGrxC7 does not have an obvious nuclear localization signal nor does it have any other signal peptide detected by prediction tools, so it either enters the nucleus by passive diffusion, which seems unlikely, because as a YFP (yellow fluorescent protein)-fusion protein it would exceed the 40 kDa cut-off for diffusion, or a piggy-back mechanism is responsible by interaction of AthGrxC7 with another protein containing a nuclear localization sequence.
The idea that other sequence regions are involved in the full functionality of class III Grxs has led to the search for other conserved sequence features. The amino acid sequence alignments show that approximately 40 % of the class III Grxs have an additional cysteine residue, most of them from the monothiol Grx subclass ( Figure 5 ). It is known that some Grxs of class II also possess an additional conserved cysteine residue ( Figure 3A , cysteine labelled with *1), which is in close proximity to the active site when the protein is folded and can take part in the reaction mechanism [64] . This cysteine residue is at the beginning of the α3 helix ( Figure 3B ). In class III Grxs, the additional cysteine residue is located at a different position in the primary sequence and consequently in the tertiary structure ( Figure 3A , cysteine labelled with *2). This cysteine residue sits at the beginning of the α2 helix ( Figure 3C) . With approximately 17.3 Å (1 Å = 0.1 nm) in distance predicted between the two thiol groups (for AthGrxS2), it might still be close enough to the active site cysteine residue to form an intramolecular disulfide bond [118] as shown for class II Grxs. However, as the cysteine residue is at the end of a hydrogen-bond-stabilized α-helix and a loop is predicted to be between the two cysteine residues, which would have to fold away, it should currently be considered as unlikely. Interestingly, the two different additional cysteine residues (*1 and *2) never occur together in the same Grx, and the conserved cysteine *2 is only present in dicots ( Figure 5 ).
DEFINING FUNCTIONAL TYPES WITHIN AND ACROSS Grx STRUCTURAL CLASSES
The phylogenetic tree has divided the Grxs into three major structural classes that has allowed us to explore their roles and relationships. However, from a functional perspective it appears that there are four types of Grxs. First, there are the classical Grx enzymes that are clustered in class I on the tree, which can be functionally separated into type A and type B Grxs. The common feature of all Grxs in class I analysed so far is their ability to deglutathionylate. The differentiation of type A and B is that only the latter can bind a [2Fe-2S] cluster. Type C Grxs are those that might be able to transfer iron-sulfur clusters to other proteins. These cluster together in class II of the phylogenetic tree and only some of them have been shown to have classical Grx functions when experimentally tested. Further analysis will show whether these reports of lack of function are correct or if these type C Grxs were simply not active in the particular assays tested owing to unfavourable conditions imposed by the regeneration systems used. Finally, type D are the Grxs which cluster together in class III and are involved in processes which so far are specific to higher land plants.
Type A and type B: Grxs for constitutive and stress-inducible deglutathionylation
By analysing the phylogenetic tree, it seems that some Grxs in class I come in pairs in a particular organism. The sequences of the pairs are similar (from 28.6 to 69.8 % sequence identity, when comparing Grx pairs), both can perform in the classical HED assay, but usually one is more active in this assay than the other; for example in terms of activity, AthGrxC1>AthGrxC2 [83] , HsGrx2<HsGrx1 [49] , AthGrxC5<AthGrxS12 [28] , ScGrx6<ScGrx7 [119] and TbGrx2>TbGrx1 [51] . Moreover, only the former member of each pair has a stable iron-sulfur cluster. As discussed above, the iron-sulfur cluster binding and resulting dimerization leaves the Grx itself inactive. The earlier observation that the iron-sulfur cluster of Grxs in this class react with modulations of the redox environment has led to the conclusion that they act as redox sensors. Oxidation destabilizes these clusters and the dissociation leads to an active Grx. This has been shown for HsGrx2 [46] , AthGrxC1 [83] and ScGrx6 [119] . Oxidation is believed to render most Grxs inactive [120] , so a previous study attempted to answer the question, are Grxs released from cluster binding under oxidative conditions active? A detailed study of HsGrx1 and HsGrx2 revealed that HsGrx1 is prone to inactivation by oxidation via GSSG or H 2 O 2 and nitrosylation via GSNO (S-nitrosoglutathione), whereas HsGrx2 is not inactivated [121] . This is supported by an earlier study where it was shown that H 2 O 2 treatment results in a stronger inactivation of HsGrx1 than HsGrx2 [89] . Recently, another class I Grx, PtreGrxS12, was shown to be inactivated by GSSG [67] . Whether this is true for other iron-cluster-binding Grxs remains to be analysed.
This leads to a hypothesis of two types of classical Grxs: a 'generic' Grx, which is present and highly active under normal conditions (e.g. AthGrxS12, AthGrxC2, ScGrx7, HsGrx1 and TbGrx2) but inactivated under stress conditions [120] , and a 'stress-activated' Grx (e.g. AthGrxC5, AthGrxC1, ScGrx6, HsGrx2 and TbGrx1), which is inhibited by the presence of its iron-sulfur cluster under normal conditions and shows lower activity. However, as soon as the GSH/GSSG ratio in the cell shifts, due to oxidative stress, the iron-sulfur cluster is lost and this supressed Grx is released in a monomeric and active form. An iron-sulfur cluster can sense the GSH/GSSG ratio in the cell, as the GSH which participates in the iron-sulfur cluster binding is in an equilibrium with free GSH [49] . As the amount of available GSH decreases, the ligation becomes instable and the cluster is lost. The idea that Grxs are paired in this way to support Grx roles under different cellular conditions is further supported by the fact that the pairs often occur in the same subcellular compartment. AthGrxC1 and AthGrxC2 are cytosolic, AthGrxC5 and AthGrxS12 are plastidic, and ScGrx6 and ScGrx7 are associated with the ER; only HsGrx1 and HsGrx2 and TbGrx1 and TbGrx2 are in different locations, cytosol for the former and mitochondrion for the latter. However, studies on isolated rat mitochondria showed that HsGrx1 can be found in mitochondria in some circumstances [122] . Whether this pattern is true for other class I Grxs remains to be analysed; currently there are not enough published data to do so.
Type C: Grx dimerization for cluster transport and release
Iron-sulfur cluster binding has previously been discovered to be one of the main functions of Grxs [46] . In the last few years, more and more Grxs have been identified with the same characteristic feature. Crucial steps for understanding the cluster were the resolution of poplar GrxC1 [88] and HsGrx2 [91] structures. It became clear that the [2Fe-2S] cluster needs four ligands; two are represented by the N-terminal active site cysteine residues and the remaining two are molecules of GSH. Consequently, upon incorporation of a cluster a homodimeric Grx is formed. On the basis of these two structures, most of the Grxs which were identified as iron-sulfur-cluster-containing proteins hereafter were assumed to have the same type of cluster. However, analysis of two plastidic monothiol Grxs, AthGrxS14 and AthGrxS16, represented the first evidence that different spectrophotometric properties can be found in ironsulfur clusters binding Grxs [53] . Being able to exclude the possibility of chemical differences in the clusters, the authors assumed that the spectra differences were due to a different amino acid environment. AthGrxS14 and AthGrxS16 both lost their iron-sulfur cluster easily during the course of their purification, in contrast with poplar PtreGrxC1, which strongly retained its cluster. Interestingly, the phylogenetic tree on the basis of primary sequence shows that AthGrxS14/AthGrxS16 and PtreGrxC1 are separated in two different classes, I and II.
The main differences between these class I and class II Grxs is the presence of a five amino acid insertion just before the active site and a so-called WP motif (Figures 6A and 6B) . It was assumed that the presence of this insertion might prevent the iron-sulfur cluster binding, because all Grxs shown to bind to ironsulfur clusters did not have this insertion. However, the fact that some dithiol Grxs, which did not have the insertion, still don't bind clusters, has argued against this tight link [119] . The WP motif was discovered due to the fact that amino acids in corresponding positions in another Grx were related to stabilization of the GSH molecule, so it was assumed that the WP motif results in an altered GSH stability [123] .
The existence of different types of iron-sulfur clusters was also confirmed when another monothiol Grx, EcGrx4, was analysed and the structure solved by X-ray crystallography [124] . This revealed two interesting findings of direct relevance to the role of the highly conserved regions. First, the two protomers (structural units of the oligomeric protein) show a modified orientation to each other. In contrast with poplar PtreGrxC1 or HsGrx2, they showed a 90
• rotation towards each other ( Figure 6C ). Secondly, highly conserved amino acid regions in sequences of class II Grxs build the loops β1-α1, β2-α2 and α3-β3 just at the interface between the two protomers of the dimer (Figures 6A and 6B) . Loop β1-α1 is formed by the five amino acid insertion; two of the residues are highly conserved among this class of Grxs. The first conserved residue is a glycine, which is the smallest amino acid and known to be located in areas of proteins which have to bend or move [125] . The second highly conserved amino acid is a proline residue, which interacts with a conserved arginine residue in the second Grx molecule [124] . The same arginine residue is important for the stabilization of the GSH molecule. The serine residue in the active site replacing the Cterminal cysteine in dithiol Grxs (conserved for all class II Grxs) was also important for the dimeric structure, as it interacts with the highly conserved lysine residue (Lys 22 in EcGrx4, conserved in class II Grxs) and stabilizes the position of the β1-α1 loop. In fact, replacement of the serine residue with alanine at this position left EcGrx4 insoluble [124] . Further evidence for the importance of these three highly conserved regions for the fast release of the iron-sulfur cluster comes from yeast ScGrx6. Although it is a monothiol Grx, it lacks the insertion which forms the β1-α1 loop in other monothiol Grxs and the other two loops are class I Grxlike. Intriguingly, ScGrx6 has the same absorption spectra and a similar stability of the iron-sulfur cluster to that found in HsGrx2 and PtreGrxC1 [119] . It can be speculated that the modified loops at the interface can alter the stability of the dimer, as especially the five amino acid insertion might be involved in protein-protein interaction. Whatever the actual role of the insertion is, it can be assumed that the same function is important for other Grxs in class II, as the insertion is highly conserved [124] .
Type D: Grxs for transcriptional activation
Although the evidence is based on only a few examples, both the subcellular location and impact of type D Grx loss in plants suggests that the function of CCtype Grxs lies in their interactions with transcription factors. The importance of the C-terminus of AthGrxC7 for both functionality and for mediating transcription factor binding has been highlighted [102, 110, 117] . The underlying molecular role of these D-type Grxs, and in particular their additional conserved cysteine residue, has yet to be uncovered.
FUTURE DIRECTIONS
The future of Grx research will require more consistent experimental systems for comparative analysis of the range of known Grx functions from different organisms with an eye to structure-function relationships in Grx sequences [87, 126] . Such comparative studies will need to consider different regeneration systems, as a universal regeneration system has not been found that accounts for the full range of redox potentials of different Grxs. Analysis of the oxidative inactivation of Grxs will also need to be performed in combination with the classical assays in order to uncover differences between Grx types. Secondly, the vast majority of the studies reviewed in the present study depend on heterologously expressed proteins for the high yields of protein required for complex enzyme assays and often these systems don't focus on protein quality. A stronger emphasis should be given to the nuances of protein production, as choice of host strain, codon usage, temperature and general growth conditions have a considerable impact on the final enzyme activity [127] . A single amino acid exchange can alter the measured functions dramatically, as shown in trypanosome TbGrx1, where a change from a proline residue to a serine within the active site enabled iron-sulfur cluster binding [51] . Bacterial lysates containing the expressed soluble protein and even the cell pellet should also be analysed carefully, as some of the iron-sulfur cluster binding Grxs can rapidly lose their cluster upon exposure to air and thus this aspect of their function can be overlooked. Furthermore, analysis of crucial biochemical parameters for Grxs as their active site pK a and their overall redox potential requires continued attention and the comparison of different methods for pK a determination [29] . Both pK a and redox potential underpin the function a particular Grx can fulfil in the cell. More importantly, they can give crucial information about the probable regeneration system of the particular Grx, so that proteins are not reported as inactive when simply the regeneration system was not appropriately chosen. Finally, more in vivo studies are needed to uncover the physiological function of different Grxs in eukaryotic cells. In yeast, a considerable number of publications are available describing the phenotypes for knockout strains, but data in complex organisms are lacking. In plant Grx research, genetic approaches have rarely been attempted, because of the high number of Grxs in plants and the potential for extensive functional redundancy. However, with more information available about the specialized functions of different Grx types, new opportunities to dissect Grx biology are now available.
The emerging picture of the diverse functions of Grxs and the knowledge of underlying alterations in sequence and/or structure also raises two important questions. First, can we use this knowledge to predict function from Grx sequence and understand the evolutionary processes that have shaped this gene family? The known functions of Grxs are quite diverse and it has been shown for multiple Grxs that even a single amino acid substitution can be a gain-of-function mutation. Furthermore, the phylogenetic tree reveals that CCtype Grxs have only arisen during the evolution of higher land plants with a purpose of regulating transcriptional processes, and that further diversification in sequence and expression is occurring within higher plant lineages. Hence, a combination of sequence comparison and targeted experimental modifications has the potential to make Grxs a model for exploring redox enzyme topology. Secondly, can we use this knowledge to design Grxs for biological applications? It is an intriguing idea to engineer novel Grxs which have functions and regulatory mechanisms that are beneficial under specific conditions. For example, using ironsulfur clusters in the right co-ordination/orientation to be switches to activate or inactivate a protein in response to cellular stress. Such a goal may be closer than we think, given our increasing structural understanding of Grxs. It would provide a powerful post-translational mechanism to control stress-responsive redox functions, which are needed to combat the rapid detrimental effects of oxidative chemistry on cell viability. 
